Background: Lycorine, a natural alkaloid, has been indicated to have various physiological effects, including a potential effect against cancer. However, the anticancer effect of lycorine on osteosarcoma (OS) and the detailed molecular mechanisms involved remain unclear. Purpose: The purpose of this study was to examine the effect of lycorine on human OS and elucidated it underlying mechanisms Materials and methods: In vitro assays, OS cells were treated with lycorine at various concentrations. Then the cell proliferation, colony formation, cell cycle distribution, apoptosis, migration and invasion were assayed to detect the anticancer effect of lycorine on OS cell lines. Western blotting analysis was used to verify the expression of related proteins. In addition, the mouse xenograft model was performed to evaluate lycorine's therapeutic potential on OS in vivo. Results: The in vitro results demonstrated that lycorine induced apoptosis and cell cycle arrest and suppressed the migration and invasion by suppressing constitutive signal transducers and activators of transcription 3 (STAT3) activation through enhancing the expression of SH2 domain-containing phosphatase 1 (SHP-1) and downregulating the expression of STAT3 target proteins. Moreover, our mouse xenograft model revealed that lycorine inhibited the tumor growth in vivo. Conclusion: These results demonstrated that the anti-OS effects of lycorine were at least partly due to the suppression of the Janus kinase 2/signal transducers and activators of transcription 3 (JAK2)/STAT3 pathway. Taken together, these results indicate that lycorine possesses the potential to be a promising candidate in clinical therapy for human OS in the future.
Introduction
Osteosarcoma (OS) is the most common primary malignant bone tumour in children and adolescents. 1 In recent decades, although the combination of neoadjuvant therapy and aggressive surgical resection has dramatically improved the five-year survival rate of OS patients, the prognosis of those with recurrence and distant metastasis remains unsatisfactory. 2, 3 Therefore, there is an urgent need to develop more effective therapeutic strategies for patients with OS. Signal transducers and activators of transcription 3 (STAT3), a latent transcription factor, plays an important role in the transcriptional activation of apoptosis and cell cycle progression. 4 STAT3 can be activated by the activation of non-receptor tyrosine kinases such as Janus kinase (JAK2); and upon activation, STAT3 undergoes phosphorylation-induced homodimerization and translocates into the nucleus where it regulates its target genes. 5, 6 Accumulating evidence indicatesthat the JAK2/STAT3 pathway is constitutively activated in various malignant tumours [7] [8] [9] and exerts an essential role in various biological processes including proliferation, apoptosis, angiogenesis, migration, invasion and metastasis. 10, 11 Increasing evidence from previous studies indicates that the inhibition of the JAK2/STAT3 signalling pathway is a promising therapeutic target for cancer therapy. 12, 13 Moreover, there is even research suggesting that the JAK2/STAT3 pathway plays an essential role in OS formation. 14, 15 Therefore, suppressing the JAK2/STAT3
pathway might be a potential therapeutic strategy for OS. Lycorine, an active alkaloid extracted from genera in the Amaryllidaceae, has shown various biological effects, such as antiviral, 16 antiinflammation, 17 antimalarial, 18 antibacterial 19 and antitumour effects. 20 In recent years, the potential antitumour properties of lycorine have received increasing attention. Previous studies have revealed that lycorine has certain inhibitory effects in various malignant tumours, such as breast cancer, 21 prostate cancer, 22 multiple myeloma 23 and hepatocellular carcinoma. 24 However, until now, the anticancer effect of lycorine on OS has not been reported and the defined molecular mechanisms remain unclear.
In the present study, we aimed to investigate the anticancer effect of lycorine on OS cell lines in vitro and in vivo. Furthermore, we explored the underlying mechanisms by which lycorine exerts it antitumor activity against OS cells, which was through the suppression of the JAK2/STAT3 pathway. Our findings indicated that lycorine might possess attractive advantages as a promising and effective candidate in clinical therapy for human OS in the future.
Materials and methods

Reagents and antibodies
Lycorine (purity >98%), purchased from Solarbio (Beijing, China), was dissolved in dimethylsulfoxide (DMSO) (Sigma) and stored at −20°C. Cisplatin was purchased from Qilu Pharmaceutical Co., Ltd (Jinan, Shandong, People's Republic of China). Primary antibodies against p-JAK2, JAK2, p-STAT3, STAT3, SHP1, Cyclin D1, CDK4, CDK2, and GAPDH were purchased from Cell Signaling Technology (Beverly, MA, USA). Antibodies against E-cadherin, N-cadherin, MMP-9, MMP-2, Bcl-2, and Bax were purchased from Abcam (Cambridge, UK).
Cell culture
Human OS cell lines, MNNG/HOS, U2OS, MG63 and Saos-2, were obtained from the Cell Bank of the Type Culture Collection of Chinese Academy of Sciences (Shanghai, China). The MNNG/HOS and MG63 cells were cultured and maintained in Eagle's minimum essential medium (Thermo Fisher Scientific) containing 10% foetal bovine serum (FBS) (Gibco; Thermo Fisher Scientific), while the U2OS and Saos-2 cells were cultured in RPMI 1640 medium (Thermo Fisher Scientific) supplemented with 15% FBS (Gibco; Thermo Fisher Scientific), containing 100 units/ml penicillin and 100 μg/ml streptomycin. All cells were maintained at 37°C in a humidified incubator with 5% CO2.
CCK8 assay
Cell counting kit 8 (CCK-8; Dojindo, Kyushu Island, Japan) was used to measure cell viability according to the manufacturer's protocol. Briefly, 3×10 3 cells were seeded in each well of a 96-well microplate and cultured overnight. The cells were then treated with various concentrations of lycorine (0, 0.5, 1, 2, 5, 10, 20, and 50 μΜ). Following treatment with lycorine for 24, 48, and 72 h, the culture medium was replaced with 100 μl of thecorresponding culture medium containing 10% CCK-8 solution and incubated at 37°C for 2 h. The absorbance was read at a wavelength of 450 nm in a microplate reader (Biotek, Winooski, VT, USA).
5-Ethynyl-2-deoxyuridine (EdU) assay
MNNG/HOS and U2OS cells were seeded in 96-well plates at a concentration of 3×10 3 cells per hole and treated with various concentrations of Lycorine for48 h. Then 100 μl of 50 μM EdU (Cell Light EdUDNA Imaging Kit; Guangzhou RiboBio, China) was added to each well, and the cells were cultured in the medium for an additional 2 h. The cells were then stained as previously described. 25 Finally, the cells were observed under fluorescence microscopy and images were taken. EdU positive cells were calculated with the following formula: (EdU add-in cells/Hoechst stained cells) × 100%. 26 
Colony formation assay
The anchorage-independent ability of OS cells was evaluated by the clone formation assay. Cells were trypsinized and seeded in six-well plates at a density of 500 cells per well. Then the cells were treated with lycorine at the indicated concentrations for 48 h, and, the medium was subsequently changed with fresh medium. After being cultured for 10 days, the cells were washed and fixed with 4% paraformaldehyde and stained with crystal violet (Sigma-Aldrich, Steinheim, Germany). The colonies that consisted of at least 50 cells were counted and analysed manually.
Apoptosis analysis by flow cytometry 
Invasion assay
An invasion assay was used to evaluate the effect of lycorine on the invasion of MNNG/HOS and U2OS cells. The Transwell chambers were pre-coated with 70 μl of Matrigel (BD Biosciences, San Jose, CA, USA) overnight. Then, the cells treated with lycorine as described in the Transwell migration assay and placed in the upper part of each chamber, while 20% FBS-medium was added in the lower chamber. After 24 h of incubation for MNNG/HOS cells and 48 h of incubation for U2OS cells, the non-invaded cells were removed with cotton swabs and the invaded cells were then fixed with 4% paraformaldehyde and stained with crystal violet. The number of invasive cells were observed and counted from five randomly selected fields under a light microscope.
Western blotting analysis
Cells were treated with the indicated concentrations of lycorine for 48 h, and then lysed in RIPA buffer (Thermo Fisher Scientific) containing protease inhibitors and phosphatase inhibitors. The lysates were then centrifuged at 12,000 rpm for 15 min at 4°C and the supernatant was carefully collected. The protein concentrations were measured by using the BCA Protein Assay Kit (Beyotime Biotechnology Co. Ltd). Equal amounts of lysates (20 µg) were electrophoresed by sodium dodecyl-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto polyvinylidene difluoride (PVDF) membranes (Millipore, Billerica, MA). The membranes were then blocked with 5% non-fat milk in Tris-buffered saline plus Tween-20 (TBST) buffer for 1 h at room temperature and incubated with the respective primary antibodies at 4°C overnight. After being washed three times with TBST buffer, the membranes were incubated with horseradish peroxidaseconjugated secondary antibody for 1 h at room temperature. Subsequently, the membranes were washed three times with TBST buffer and detected by using electrochemiluminescence detection reagent (EMD Millipore) according to the manufacturer's instructions
SHP-1 phosphatase activity
In brief, after 48 h of treatment with lycorine, cell protein extracts were incubated with anti-SHP-1 antibody in immunoprecipitation buffer overnight. SHP-1 activity was detected subsequently by using the RediPlate 96 EnzChek Tyrosine Phosphatase Assay Kit (R-22067) according to the manufacturer's instructions.
Mouse xenograft model
Animal experiments were approved by the Institutional Animal Care and Use Committee (IACUC) at Tongji Medical College, Huazhong University of Science and Technology (IACUC Number: S818). Four-week-old female BALB/c nude mice were purchased from Beijing HFK Bioscience Co. Ltd. and housed in a standard animal laboratory throughout the experimental duration. All procedures for the mouse experiments were performed in accordance with the Guidelines for the Care and Use of Laboratory Animals of the National Institutes of Health. In brief, 1×10 7 MNNG/ HOS cells suspended in 100 μl of cold PBS were subcutaneously injected into the right axilla of nude mice. Mice with similar tumour volumes were randomly divided into 4 groups (n=3 per group) when the tumour could be palpated subcutaneously (at 4 days after inoculation), and then treated with lycorine (10 mg/kg every 2 days or 20 mg/kg every 2 days), or DMSO (negative control) or cisplatin (positive control, 2 mg/kg twice a week). The body weights and tumour sizes were measured every 2 days to observe the growth of thetumours. Ten days after treatment, the mice were sacrificed, and the tumours and major organs (heart, liver, spleen, lung, and kidney) were removed for subsequent use in immunohistochemical experiments.
Histopathology and immunohistochemistry
Tumour tissue specimens and the major organs of mice were fixed with 4% paraformaldehyde and embedded in paraffin and then sectioned into 4-μm sections. Standard immunohistochemical staining was conducted as described previously. 28 The slides were incubated at 4°C overnight with antibodies against Ki-67 (1:100 dilution) and washed three times with PBS. The slides were then incubated with the second antibody for 30 min at room temperature. Immunoreactivity was visualized by using the Vectastain Elite DAB Kit (Vector Laboratories, Burlingame, CA, USA) according to the manufacturer's instructions. Images were obtained using a microscope.
Statistical analysis
The data are expressed as the mean ± standard deviation (s.d.) from at least three independent experiments, with triplicate samples for each individual treatment or dosage. The results were statistically analysed using one-way ANOVA coupled with Student's t-test, which were analysed using GraphPad Prism version 6.01 for Windows. A P-value <0.05 was considered statistically significant.
Results
Lycorine inhibits the proliferation and colony formation of OS cells
To investigate the effect of lycorine on the growth of OS cells, MNNG/HOS, U2OS, MG63 and Saos-2, were exposed to various concentrations of lycorine for 24, 48 or 72 h, and then the cell viabilities were analysed by CCK-8 assays. The results indicated that lycorine suppressed the proliferation of OS cells in a concentration-and time-dependent manner ( Figure 1A ). However, the normal human cells (bone marrow stromal cells (BMSCs)) showed strong resistance to lycorine ( Figure 1B ), which indicated that lycorine selectively inhibited the growth of OS cells but had less cytotoxicity on normal human cells. Additionally, the results of the EdU assay demonstrated that the number of EdU-positive MNNG/HOS and U2OS cells significantly decreased with increasing concentrations of lycorine ( Figure 1C and D) . Colony formation assays were performed to evaluate the potential role of lycorine in the tumourigenesis of OS cells. As shown in Figure 1E -G, both the size and the number of colonies were significantly decreased in a concentration dependent manner after lycorine treatment.
Lycorine induces apoptosis in MNNG/ HOS and U2OS cells
To investigate whether the anti-proliferation effect induced by lycorine was associated with apoptosis, flow cytometry analyses with Annexin V-PE/7-AAD dual staining was performed. The results indicated that the number of apoptotic cells was increased in a dose dependent manner after treatment with lycorine for 24 h (Figure 2A and B) . To further explore the apoptotic proteins involved in lycorineinduced cell death, the expression of the related proteins was investigated by Western blot analysis. After treatment with Lycorine for48 h, the expression of the anti-apoptotic protein Bcl-2 decreased while the expression of the apoptotic protein Bax increased in a concentration-dependent manner ( Figure 2C -E).
Lycorine induces cell cycle arrest in MNNG/HOS and U2OS cells
To validate whether lycorine inhibited cell proliferation by inducing cell cycle arrest, the cell cycle distribution of MNNG/HOS and U2OS cells was analysed after treatment with lycorine. As shown in Figure 2F and G, lycorine induced the accumulation of cells in the G0/G1 phase, accompanied by decreased cell numbers in the G2/M and S phases in both HOS and U2OS cells. To elucidate the underlying mechanisms, the cell cycle-regulatory proteins were examined using Western blot analysis. The results showed that lycorine downregulated the expression of CDK2, CDK4 and Cyclin D1 ( Figure 2H ).
All these data indicated that the G0/G1 phase arrest induced by lycorine was, at least partly, due to alterations in the expression of cell cycle-related proteins.
Lycorine inhibits migration and invasion in MNNG/HOS and U2OS cells assays similarly showed that lycorine significantly inhibited the migration of MNNG/HOS and U2OS cells ( Figure  3E and F). Moreover, Transwell assays were used to examine the effect of lycorine on invasive abilities. The results revealed that the migration and invasion abilities of MNNG/HOS and U2OS cells were dramatically inhibited after lycorine treatment ( Figure 3G and H) . Furthermore, the tumour metastasis-related protein levels were detected by Western blotting. As shown in Figure 3I , lycorine reduced the expression levels of N-cadherin, MMP2 and MMP9 while enhancing the expression of E-cadherin in a dose-dependent manner in MNNG/HOS and U2OS cells.
Lycorine inhibits the JAK2/STAT3 signalling pathway
The aforementioned experiments revealed that lycorine exhibits inhibitory effects on variety of important biological programmers, including cell proliferation, cell cycle progression, migration, invasion and apoptosis. To further elucidate the underlying mechanisms of the antitumour activity exerted against OS cells by lycorine, the expression levels of the phosphorylated forms of JAK2 and STAT3 following exposure to lycorine were investigated. The results demonstrated that lycorine decreased the constitutive phosphorylation of JAK2 and STAT3 in a dose-dependent manner without affecting their total protein levels. In addition, the expression level of SHP-1 (negative STAT3 regulator) was upregulated by lycorine ( Figure 4A ).
Lycorine increased SHP-1 activity
Accumulating evidence has demonstrated that SHP-1 is highly expressed in cancer cells and plays an essential role in the growth, survival and metastasis of cancer cells during cancer progression. 29, 30 Therefore, we determined the effect of lycorine on SHP-1 activity in OS cells. Our results revealed that lycorine significantly increased SHP-1 activity in MNNG/HOS and U2OS cells ( Figure 4B and C) . In addition, the schematic illustration in Figure 4D shows the mechanisms by which lycorine inhibits OS growth and motility.
Lycorine inhibits the growth of OS in vivo
To evaluate the antitumour effect of lycorine in vivo, a xenograft model was established by inoculating MNNG/HOS cells into the right axilla of nude mice. After 10 days of drug administration, the tumour growth was efficiently inhibited by lycorine at doses of 20 mg/kg compared with the tumour growth of the negative control mice ( Figure 5A and B). The tumour weight and volume in the lycorine-injected group were reduced in a dose-dependent manner compared with those of negative control group ( Figure 5C and D) . No obvious change in body weight in the lycorine-injected group or in negative control group was observed during the treatment period. However, the average body weight of the mice in the cisplatin-injected group tended to decrease ( Figure 5E ). To assess the potential toxicity of lycorine on normal tissues, HE staining of major organs collected at the end of the experiment was performed; the results showed no obvious pathological changes compared with those in the control group ( Figure 5F ). Then, we performed immunohistochemical assays to evaluate the expression of Ki-67, which is considered a marker of proliferation. The results demonstrated that compared with that in the control group, the number of Ki-67-positive tumour cells was significantly decreased by Lycorine at doses of 20 mg/kg ( Figure 5G ). All the results demonstrated that lycorine could ameliorate tumour growth with low toxicity in vivo.
Discussion
OS is the most commom primary malignant bone tumour with high mortality. In the recent decades, the 5-year survival of patients with OS has improved, but relapse and metastasis are the main causes for the failure of surgical operation in treating OS. Moreover, the current anticancer chemotherapies for OS remain unsatisfactory because of the obvious side-effects and toxicity of systemic chemotherapy. Therefore, novel therapeutic approaches for patients with OS remain urgently needed. Increasing evidence has suggested that traditional Chinese medicine has its unique advantages in cancer treatment. In the present study, we explored the anticancer effects of lycorine on OS and revealed its underlying mechanisms. Our results demonstrated that the inhibitory effect of lycorine on OS cells may be through the suppression of the JAK2/STAT3 pathway. The dysregulation of cell cycle progression is believed to play an essential role in tumourigenesis. 31, 32 A previous study has investigated whether lycorine could surppress the proliferation of the human chronic myelocytic leukaemia cell line K562 through G0/G1 phase arrest. induce malignant tumours. 34 Bcl-2 family proteins, which consist of the pro-apoptotic proteins BH3-interacting domain death agonist, Bax, and Bak and the antiapoptotic proteins Bcl-2 and Bcl-xL, exert a significant role in the mitochondria-dependent apoptotic pathway.- 35, 36 Bax can promote apoptotic factors and enhance apoptosis, while Bcl-2 exerts precisely the opposite effects to inhibit apoptosis. 37 The present study demonstrated that the apoptotic rates of MNNG/HOS and U2OS cells were both increased after lycorine treatment. Moreover, the results of Western blotting showed that lycorine decreased the expression of the anti-apoptotic protein Bcl-2 while increasing the expression level of the apoptotic protein Bax in a concentration-dependent manner. Epithelial-mesenchymal transition (EMT) is considered to exert a crucial role in the initiation of the metastatic progression of tumour cells. 38 Previous studies have demonstrated that EMT is correlated with the progression of various types of cancer. 39 Moreover, other studies have suggested that EMT may be an essential step for the metastasis of OS due to its mesenchymal origin. 40, 41 To determine the effect of lycorine on EMT of OS, EMT-associated markers were detected. Our results revealed that lycorine significantly inhibited the migration and invasion abilities of MNNG/HOS and U2OS cells. The Western blotting results showed that lycorine increased the expression of E-cadherin while decreasing the expression of N-cadherin. In addition, MMPs also exert an essential role in tumourinvasion and metastasis by degrading the extracellular matrix. 42 Therefore, it is possible to suppress the metastasis of tumour cells by inhibiting the MMP activity. 43 Our results showed that the protein levels of MMP-2 and MMP-9 were reduced by lycorine in MNNG/HOS and U2OS cells. Accumulating evidence indicates that the JAK2/ STAT3 signal transduction pathway is involved in the progression of various malignant tumours. [7] [8] [9] Previous studies have demonstrated that lycorine dramatically inhibited the growth and metastasis of breast cancer and hormone-refractory prostate cancer through inhibiting the JAK2/STAT3 pathway. 21, 22 Therefore, we further investigated whether the anti-OS effect of lycorine occurs through inhibiting the JAK2/STAT3 signalling pathway. Our results demonstrated that lycorine significantly reduced the phosphorylation of JAK2 and STAT3 in a dose-dependent manner in OS cells. SHP1, a nonreceptor protein tyrosine phosphatase, is considered to be crucial for the regulation of cytokine/protein tyrosine kinase-mediated signaling. 44, 45 Increasing evidence has suggested that the expression of SHP-1 is down-regulated in various of cancers. 46, 47 In the present study, the expression level of SHP-1 was upregulated, and the activity of SHP-1 was enhanced in MNNG/HOS and U2OS cells after treatment with lycorine. Moreover, lycorine downregulated the expression of STAT3 target proteins, such as the invasion-related proteins (MMP-2 and MMP-9) and anti-apoptotic proteins (Bcl-2).
Conclusion
Conclusively, our results demonstrated for the first time thatthe anti-osteosarcoma effects of Lycorine were at least partly due to the suppression of the JAK2/STAT3 pathway. . In addition, our study revealed that lycorine exerted potent antitumour activity with low levels of toxicity in vivo. These findings indicate that lycorine might possess attractive advantages as a promising and effective candidate in clinical therapy for human OS in the future.
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